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Abstract

Conversion of carbon dioxide (CO,) and water (H,O) to methanol (CH3;OH) is achieved through an
artificial photosynthesis procedure utilizing cobalt (Co) micro-particle based photocatalyst and solar
energy in a simple, closed reactor. The photocatalyst is fabricated by exposing the surfaces of cobalt
microparticles to femtosecond laser irradiation in a gold chloride (AuCl) solution. The morphology
and composite of the photocatalyst surfaces were observed and detected to be a layer of cobalt dioxide
(CoO) nano-flakes on which some gold (Au) nanoparticles were deposited. The Au nanoparticles
harvest the Sunlight energy through a plasmonic effect. The energy absorbed by Au nanoparticles
creates electrons and holes which excite the H,O and CO, molecules adsorbed on CoO nanostructure
surfaces to form excited hydrogen (H,)" and excited carbon monoxide (CO)" on the CoO surface. The
excited molecules combine to form CH3;OH on the CoO surface. The Au/CoO/Co nanostructured
surfaces are useful for developing a low-cost method to convert solar energy to chemical energy in the
form of methanol.

1. Introduction

Human society heavily relies on energy sources. Since the industrial revolution, industrial development and
population growth have led to an enormous increase in the global demand for energy. Nowadays, various forms
of energy resources have been discovered and utilized. For example, hydroelectric energy, wind energy and
nuclear energy have been utilized [1-9]. These energies are converted into the electrical energy to fulfill the needs
of modern society. But the application of electrical energy is usually limited by the problem of electrical energy
storage lifetime and cost, for batteries usually have much lower specific energy (energy per unit mass) than fossil
fuels. By comparison with internal combustion engines, electric motors are restricted from producing
mechanical work with high efficiency [10-13]. In contrast, fossil fuels such as petroleum and natural gas are
efficient energy forms. They are the primary sources of energy in the energy consumption all over the world.
However fossil fuels are generally considered to be non-renewable resources because the nature of fossil fuels
makes them unable to be replenished in a short period of time. In order to solve the energy shortage problem,
scientists keep seeking to find the ways to produce energy with reduced production cost, simple manufacturing
procedures and environmental friendly methods. There are many new technologies being developed. However,
the high cost and the low efficiency of these new technologies makes them hard to be applied and industrialized.
With the progress of science and technology, a newly developed technique provides an alternative way to solve
the problem: artificial photosynthesis [ 14—21], which replicates the natural process of photosynthesis using
chemical processes, converting solar energy into a form of chemical energy by photosynthesizing hydrocarbons
or carbohydrates with water and carbon dioxide. The produced hydrocarbons are in the same form as the fuels
made from the fossil fuel. As a result, the product can be easily utilized by current facilities.

In previous published papers, we have reported that a layer of flake-shaped, regular nanostructures can be
formed on the surfaces cobalt microparticles of diameter of 50-100 pim by using the method of exposing them to
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afemtosecond laser beam [22-31]. The cobalt microparticle powders with nanostructured surfaces can be used
as a photocatalyst [31-33]. By using water and carbon dioxide as reactants, adjusting the experimental
conditions such as temperature and pressure inside the reactor, hydrocarbons can be synthesized through this
photocatalytic reaction with cobalt nanostructures. In this paper, we report that by changing the method of
producing the photo-catalyst: we irradiated the cobalt powders by submerging them in the AuCl solution. After
the laser treatment, not only a layer of blade-like sharp nanostructure was generated on the cobalt powder
surface, but also a layer of gold nano-particles was formed and distributed on the surface of cobalt
nanostructures. Via controlling the photocatalytic synthesis reaction conditions inside the reactor and taking the
advantage of the enhancement of plasmonic nanofocusing [34—39] on the gold nanoparticles on the
nanostructured Co micro-particle surface, the chemical bonds of H,O and CO, can be broken or excited. Those
excited molecules can eventually recombine to form methanol atlow temperature. Furthermore, the specific
surface area of the photocatalyst is dramatically enlarged after treating by this method, which results in a larger
reaction surface for the chemical compound photo-dissociation and synthesis [40—42]. Through this procedure,
the solar energy was converted to chemical energy, i.e. the solar energy is stored in the chemical bonds of
methanol molecules.

Industrially, methanol can be synthesized on a large scale by fossil fuel based syngas [43, 44]. With many
years of development, the technique became more and more mature, the costs kept decreasing. However, the
technique requires high temperature and pressure which consume large amounts of energy and requires
expensive manufacturing facilities. In the method used in this work, methanol can be produced under low
pressure and temperature by only utilizing solar energy. By using this method, the carbon dioxide can be
collected from air, thus keeps removing it from air and reducing the greenhouse effect.

2. Experimental method

Cobalt micro-powder (purity: 99.9%, size: 50—100 pim) surface laser treatment was carried out by using the Ti:
sapphire femtosecond laser operating at a frequency of 1 kHz with pulse duration of 120 fs, a wavelength of

800 nm and an output power of 800 mW. Figure 1(a) shows that the Co powder was merged in a 3-ml 500-ppm
gold chloride (AuCl) solution before the laser treatment. Figure 1(b) shows the experimental setup working with
the femtosecond laser irradiation. The laser beam was irradiated on the Co micro particles merged in the AuCl
solution that was filled in a fast spinning transparent glass vial driven by a motor. A very thin layer of cobalt
microparticles was held on the wall of the glass vial while the glass vial is spinning. As a result, the surfaces of
particles can be exposed to the laser beam uniformly. After laser irradiation, the Co micro-particles with
nanostructures were dried in a venting vacuum chamber to prevent further possible oxidation of Co.

Figure 2 shows the photosynthesis setup. A 1.5-g catalyst made with femtosecond laser irradiation was
loaded in a glass reactor (20 ml), and 350 mg of distilled water were filled into the reactor to cover the catalyst.
Afterwards, the reactor was filled with 30 mg of CO, and sealed. A solar lamp for simulating natural sunlight
(Honle, SOL 500) with a power density of 100 mW cm ™ ? was used to irradiate the nanostructured Co micro-
particles in the sealed reactor at temperature of 50 °C for up to 10 h.

The surface structure of Co catalyst and its elemental composition were characterized and analyzed by a
scanning electron microscopy (SEM) (JEOL, JSM 7401 F) equipped with energy-dispersive x-ray spectroscopy
(EDXA Genesis XM2 imaging system with accelerating voltage of 15 kV). Before sample analysis, extraction was
performed by first injecting 1-g of deuterated chloroform (chloroform-D, Sigma-Aldrich) into the reactor, then
shaking until the product sufficiently solved in the solvent, finally separating the original water and solvent. Gas
chromatography—mass spectrometry (GC-MS) analysis was carried out with a GC-MS instrument (Bruker,
SCION SQ 436 equipped with a BR-5ms capillary column (30 m, 0.25 mm ID, 0.25 pm df)). To further confirm
the result, a standard '*C methanol and '’C labeled sample were measured by a '*C-Nuclear magnetic resonance
(NMR) apparatus (Bruker & Spectrospin Avance DRX 500). Moreover, the water sample was analyzed by a total
organic carbon (TOC) analyzer, IONICS, 1444B carbon analyzer). By measuring the Total Carbon (TC) and
Total Inorganic Carbon (TIC), the amount of harvested product can be calculated (TOC = TC- TIC). The result
was further used to estimate the efficiency of this photocatalytic reaction.

3. Experimental result

Figures 3(a)—(c) shows surface morphology of the surface the Co microparticles after femtosecond laser
irradiation. The scale bars are (a) 10 pm, (b) 1 m, and (c) 100 nm, respectively. The original Co powder surface
is rough, rugged but free of any nanostructures. After the laser treatment, nano-structures were generated and
evenly distributed on the Co micro-particle surface. Figure 3(b) with higher magnification than figure (a) shows
that the shape of those nanostructured Co is flake-like. The thickness of the nano-flakes is approximately
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Figure 1. (a) Co micrparticle powders were merged in a 3-ml 500-ppm gold chloride (AuCl) solution before the laser treatment. (b)
Experimental setup; a femtosecond laser beam was irradiated on the Co microparticles merged in the AuCl solution in the glass vial
that was driven with a motor for a fast spinning motion.

Solar simulator

Figure 2. The nanostructured Co catalyst submerged in water was loaded in a glass vial filling with 1 atm CO, and the glass vial was
sealed. Photocatalytic reactions were performed by exposing the glass vial to light from a solar simulator.

Figure 3. The morphology of Co surface after femtosecond laser irradiation. The scale bars are (a) 10 um, (b) 1 pm, and (c) 100 nm,
respectively. The arrows in figure 3(c) indicate the locations of Au nano-particles.
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Figure 4. The Energy Dispersive x-ray Spectroscopy (EDS) analysis of the Au nanoparticle marked in figure 3(c). The result confirms
that the small spots on the Co nanostructure’s surface are Au nanoparitcles.

Table 1. The SEM/EDS analysis
for the element composition at the
position arrowed in figure 3(c).

Element Wt% At%

C 2.57 14.29
(0] 2.01 8.38
Co 56.48 64.10
Au 38.94 13.22
Total 100.00 100.00

5-10 nm. In addition, as indicated with arrows in figure 3(c), some smaller spots with the size in ten-
nanometers, were observed deposit on the nano-flakes. As the CoO layer is too thin for the x-ray diffraction
(XRD) measurement, the XRD spectra of the Co microparticles (supplementary data is available online at stacks.
iop.org/MRX/7/035014/mmedia) show detection of only cobalt metal. The laser irradiation resultsin a
significant lattice change in the cobalt surface. The cobalt particle surface before irradiation consisted of 33%
hexagonal lattice structure and 67% cubic lattice structure. However, after the irradiation, it consisted of 77%
hexagonal lattice structure and 23% cubic lattice structure. We need to study the chemical differences between
cubic Co and hexagonal Co in the future.

Figure 4 shows an Energy Dispersive x-ray Spectroscopy (EDS) analysis of the nano-spots located on the Co
nano-flakes marked in figure 3(c). Four elements were detected for both two areas. There are carbon, oxygen,
cobalt and gold, respectively. The atomic ratio and weight ratio of the composition of bright part of Co
nanostructure surface are listed in table 1.

The carbon element and oxygen element can also be found for untreated Co. The carbon element and
oxygen element come from CO, adsorbed on the sample surface. Besides, although the sample was dried in a
venting vacuum chamber, it can still be slightly oxidized after that, meaning that some cobalt oxide exists on the
sample surface.

Moreover, for the gold signal, a thin film of Au was formed when dropping Co microparticles into the AuCl
solution via single displacement reaction [45—47], since Co is much reactive than Au in reactivity series. Then
during the femtosecond laser irradiation procedure, once the Au film was molten after the laser irradiation, the
film tended to break up into Au nano-particles because a molten thin film on a solid surface was unstable
[48-50]. Thatis also the reason why the places with that spot-like pattern own high Au concentration, whereas
the places without that spot-like pattern own extremely low concentration of Au (less than 1% in Wt in the EDX
measurement). Further confirmation of these Au particles with EDX mapping analysis is shown in the
supplementary data.
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Figure 5. The comparison of the GC/MS spectra between '*C and ">C samples; (a) the GC result of '>C sample; (b) the mass spectrum
12C sample; (c) the GC result of >C sample (d) the mass spectrum of '>C sample.

Figure 5 shows the GC-MS analysis of extraction solutions from the products using '>*CO, and >CO, gas as
reactant. Figures 5(a) and (b) shows the GC spectrum of '>C sample and the corresponding MS of the '*C
methanol. Figures 5(c) and (d) shows the GC spectrum of '>C sample and corresponding MS of the '>C
methanol. As we can easily observe, in both figure 5(a) and ¢ the water was detected, at retention time of 1.5 and
1.49 min respectively. This water originates from the extraction procedure, meaning small amount of water was
solved in chloroform-D. The second peak at retention time of 1.82 min in figure 5(a) corresponds to the mass
spectrum in figure 5(b). The molecular ion peak of 32.3 which corresponds to ['*CH;OH] " ionin figure 5(b) is
the characteristic mass spectrum of '*C-methanol. The base peak of m/z 31.3 corresponds to '*CH;0 ™"
fragment. Then under fragmentation, the peak of m/z30.3 corresponding to '>*CH,O™ fragment and 15.3
corresponding to '*CHZ fragment can be observed in the mass spectra. For the second peak in figure 5(c) at
retention time of 1.80 min corresponds to the mass spectrum shown in figure 5(d). By comparison the
molecular ion peak of 33.2 which corresponding to ["*CH;OH] ™ ion is the characteristic mass spectrum of 3¢
methanol. The base peak of m/z 32.2 correspond to '>’CH;O™ fragment. The peaks of m/z31.2 and 16.2 as the
derived fragments, corresponds to '>’CH,O" and '?CH3 fragments, respectively. The comparison of '*C
methanol mass spectrum (figure 5(b)) with 3C methanol mass spectrum (figure 5(d)) shows that the mass
spectrum was shifted by one mass unit, this due to the fact that the 13C methanol is one mass unit heavier than
'2C methanol.

Figure 6 shows the comparison of NMR analysis of commercially available standard '*C methanol (Sigma)
with our '>C methanol sample. Figure 6(a) shows the standard 13C methanol NMR spectrum. Figure 6(b) shows
the '>C methanol NMR spectrum of our sample. Besides, the solvent (chloroform-D) chemical shift at 77.0 ppm,
the characteristic '?C NMR shift at 50.0 ppm in both figures 6(a) and (b) clearly show that the existence of °C
methanol in both standard '°C methanol and in our sample. In addition, the ?CO, was also probed in our
sample at 124.0 ppm, which is induced from the extraction procedure. Based on GS-MS analysis and NMR
results, methanol can be identified and verified as the product of the nanostructured Co catalytic photosynthesis

experiment.
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Figure 6. The comparison of NMR spectrum of standard '*C methanol with that of our sample. (a) The NMR spectrum of standard
3C methanol sample. (b) The NMR spectrum of our sample.

Moreover, in order to find a desirable experimental condition for forming the methanol product, a series of
experiments was conducted using three types of photocatalyst and different reaction temperatures. Meanwhile
the other experimental conditions and setups were kept the same as described in the experimental method
section. The three types of photocatalyst are: Co microparticles, nanostructured Co microparticles and Au/Co
nanostructured Co microparticles. The Co microparticle is used as the original commercial product. The
nanostructured Co microparticle is synthesis by using the similar method as synthesis Au/Co nanostructured
Co microparicles. The only difference is that the Co microparticles were merged in deionized water during the
laser treatment. And the temperatures tested are separated to three parts. The first part is the temperature from
room temperature to 50 °C, the second part is the temperature from 50 °C to 80 °C and the third part is the
temperature from 80 °C to 120 °C. The temperature can be controlled and adjusted by changing the distance
between the reactor and the solar simulator and using insulation material around the glass vial.

According to a series of experimental analysis, methanol can be detected for the sample using Au/Co
nanostructured Co microparticle as photocatalyst. For the sample using only Co microparticle and
nanostructured Co microparticle as photocatalyst, the GC/MS spectrum has not shown any methanol signal. As
aresult, the photocatalyst with Au nanoparticle combined with nanostructured Co microparticle is essential for
catalyzing the formation of the methanol.

Moreover, from the analysis of alarge amount of experimental results, we noticed that methanol can be
hardly formed for the photosynthesis temperature lower than 50 °C. The necessary temperature for the
formation of methanol is between 50 °C and 80 °C. In the reaction at a temperature between 80 °C and 120 °C,
long-chain hydrocarbons were observed from the GC/MS measurement of the product, while methanol was not
observed clearly. Therefore, the reaction temperature is an important controlling parameter to produce
methanol.

TOC measurement quantized the methanol product in the photo-catalytic reaction. The solar-to-chemical
energy efficiency has been obtained with the equation:

Energy stored in the methanol

E= e))

Irradiation energy
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Where the energy stored in the methanol was calculated from the heat of combustion of methanol (22.7 ] mg ™"
[51]) multiplied by the mass of methanol products (0.9 mg), and the irradiation energy was calculated as the
solar intensity multiplied by the time and the irradiation area. In the glass pressure vessel, catalyst spread on the
bottom had an irradiation area of about 4 cm?. A solar-to-chemical energy efficiency was found to be about 0.3%
for a five hour of solar irradiation.

4. Discussion

The GC analysis indicates trace amounts of CO in the photosynthesis process. Some oxygen was detected with an
O, detector, although the precision was too low to quantify the detail, and further analysis using a gas
chromatograph equipped with thermal conductivity detectors (GC-TCD) also revealed trace amounts of H,.
This is in agreement with the well-known water spitting process with photons and metal oxides. For example,
Co0. CoO/Co can also be used for splitting water [31-33]. These observations support the existence of
intermediate photodissociation processes where excited states or radicals are formed:

H,O + photons — (Hy)* + %Oz 2)

CO, + photons — (CO)* + %Oz 3)

The denotation of ()" represents the molecule that s in a excited state (or in a form of radical) on the surface
of CoO. As soon as (H,)* and (CO)™ are produced on the surface of CoO, methanol will form:

2(H)* + (COY* — CH;0H (4)

Only small amounts of (H,)" and (CO)* may remain as detectable carbon monoxide and hydrogen gases
since they are consumed in the hydrocarbon synthesis on the surface. The excited states or radicals (H,)" and
(CO)” that were confined around the CoO surface may not need high temperature and pressure to activate the
reaction for methanol formation.

The optical absorption spectra measurements of both the CoO nano-flakes dispersed in water and the CoO
nano-flakes on Co microparticles show band gaps at about 2.0 eV [33], which is smaller than that of a bulk
crystal (about 2.4 eV) [52-55]. The spectra also show some absorption structures below the band gap [33]. The
CoO nanoflakes have more defects than a bulk crystal, and the defects give rise to the different bandgap and the
optical absorption below the bandgap [33]. For clarity, we do not consider the deformation of the electron band
structure due to defects and simply show the simple energy diagram in figure 7 to discuss the processes occurring
in the reaction. A CoO crystal is naturally p-type [56] because of Co vacancies; the concentration of this defect is
much higher on the surface than deeper in the crystal. This effect leads to the hole energy levels of defects (green
colored in figure 7) to be above the valence band but are still in the band gap. However, Co atoms at the Co/CoQO
interface diffuse into CoO and the self-interstitial Co atoms form high-density donors in CoO, which causes the
CoO nanocrystals to be n-type [56—58]. This leads to O vacancies which form the electron energy levels of defects
(orange colored in figure 7) below the conduction band of CoO but are still in the band gap.

Figure 7 shows the most likely illustration of the energy diagram for the photocatalytic processes. In both
figures 7(a) and (b), the light energy was harvested by Au nanoparticles distributed on the surface of Co nano-
flakes through the procedure of plasmonic nanofocusing, which provides the driving force to the following
reaction. The lowest unoccupied molecular orbital (LUMO) state of carbon dioxide molecule adsorbed on CoO
surface have been calculated [33]. It is found that the CO, molecule is chemisorbed on the CoO surface as the
binding energyis 1.0 eV, the LUMO is found to be near the CoO conduction band (CB) bottom, and the the
band gap of CoOis 2.38 eV. In figure 7(a), the highest occupied molecular orbital (HOMO) of CO, is far below
the valence band (VB) top position of CoO; the LUMO of the CO, is shown to be very near to the conduction
band (CB) bottom position of CoO [33, 59-61]. The electrons in the defect states (orange colored) of CoO are
excited to the CB of CoO. The photo-excited electron quickly relaxes to the CB bottom where the LUMO is.
Because the CO, and CoO are in the same system, the electron can efficiently transfer to the LUMO of CO,
molecule that is adsorbed on the CoO, which results in (CO,) ", the electron attached state of CO,.

In figure 7(b), the HOMO of the H,O is below the valence band top of CoO. The LUMO of the H,O is far
above the CB top of CoO [19, 39, 59—-62]. An electron is excited from the VB of CoO to the CoO defect states
(green colored) that are above the VB top of CoO. The generated hole in the VB of CoO then transfers to the
HOMO of H,O molecules that are on the surface of CoO, which results in (H,O)" [19, 39, 59-62]. Because the
excited (CO,)~ and (H,0)" molecules are not stable, they synthesize methanol or hydrocarbons on the CoO
catalyst surfaces. The excited (CO,) ~ and (H,0) " molecules may also dissociate to form CO and H,.

Figure 8 shows the most likely schematic diagram of artificial photosynthesis on the nanostructured Au/
CoO surface. The blue peaks represent the CoO nano-flakes. The yellow spots represent the Au nanoparticles on

7
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Figure 7. The energy diagram for the photocatalytic processes. a. An electron in the defect states of CoO are excited to the conduction
band of CoO. The electron quickly relaxes to the CB bottom, then transfers to the LUMO of a CO, molecule that is adsorbed on the
surface CoO, which results in the (CO,) the electron-attached state of CO,. b. An electron was excited from the valence band of CoO
to the defect states of CoO. The hole then transfers to the HOMO of H,O that is on the surface of CoO, which results in the excited
molecule (H,0)".
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Figure 8. The most likely schematic diagram of chemical reactions on the Co surface. The incident solar light is firstly irradiated on

and focused on the Au nanoparicles (marked by circle) formed on Co nano-flakes (shown by rectangle). The red area represents the
local light intensity that is greatly increased by a surface plasmonic effect, while the blue represents that the area with relatively lower
light intensity. The CO, and H,O molecules attached to the surface are dissociated and the fragments react to form methanol.

the CoO nano-flakes’ surface. The reactants such as H,O and CO, are plotted as molecules surrounding Au
nanoparticles and also distributed on the surface of the CoO nanostructure surface. Au nanoparticles play a very
important role during the formation of methanol. The incident solar light is focused on Au nanoparticles via
plasmonic nanofocusing [34—39], the local light intensity, represented by the red area, is greatly increased. The
harvested light will dissociate the CO, and H,O molecules as discussed above, the dissociated molecules will
react to form methanol around the CoO surfaces.

The TOC test shows that the solar-to-chemical energy efficiency of our catalyst is about 0.3% in a five-hour
irradiation. This is an average efficiency over five hours. Because the present reactor is a closed system, when the
reactions reach an equilibrium state, the reaction hardly moves towards to the direction of producing more
methanol. Several of the same samples and reactors for the photocatalytic reaction were irradiated for different

8
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time durations to know methanol formation process. However, in this simple measurement, we could not
clarify the process for when CO and H, were first produced and subsequently how they formed methanol. This
needs further precise measurements to study the dynamics of how the methanol is synthesized from (CO)* and
(H2)". After more than ten hours of irradiation, we cannot see any increase of the amount of methanol, i.e., the
production becomes saturated and leads to a low average efficiency. This is similar to the case of hydrocarbon
production at a temperature between 80 °C and 120 °C. Considering this saturation effect, the average efficiency
is estimated to be about 0.1%. For accurate efficiency, we will use an open system to directly measure the time
dependence of the products without using the simple extraction method in this work. The efficiency of the
photosynthesis may further increase by using a reactor that can perform continuous chemical reactions because
an instantaneous efficiency may be very high. On the other hand, the photocatalyst can be made with CoO layer
covering the Au nanostructured surfaces, which may collect more light with the enlarged surface of Au
nanostructures and make the generated electrons and holes efficiently excite the CO, and H,O molecules on the
surface of CoO.

5. Summary

We discovered that femtosecond laser induced Au/Co nanostructures can convert CO, and H,O to methanol
through a photosynthesis process in a simple closed glass reactor that is transparent in visible wavelengths. The
average efficiency of this process for solar-to-chemical energy conversion approached about 0.1% with a simple
experimental setup and can be further improved by using a continuous reactor and optimizing the
nanostructure morphologies. Further understanding of the mechanism in the present photocatalytic process
will be helpful to achieve highly efficient solar energy storage on a large scale at low cost, which can be expected to
have a profound impact on global energy requirements.
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